Introduction
Hodgkin Reed-Sternberg (HRS) cells constitute a minority of the diseased lymph node. Evidence suggests that HRS cells influence the surrounding cellular infiltrate to resist antigen-specific immunity. Latent Epstein-Barr virus (EBV) proteins, found within HRS cells in 40% of classic Hodgkin lymphoma (cHL), [1] [2] [3] [4] represent a highly characterized model by which to study T-cell immunity. 5 Although antigen processing and presentation remains intact in EBV-positive Hodgkin lymphoma (HL), 6 an impaired interferon-gamma (IFN-␥) response to the virusencoded CD8 ϩ T-cell epitopes is observed in cases of cHL. 7 Normal immunologic function in these T cells is restored after remission induction. The mechanisms by which HRS cells evade latent membrane protein (LMP)-specific T-cell immunity are not understood.
Galectin-1 (Gal-1) is a soluble beta-galactoside binding lectin that is expressed at low levels in normal lymphoid tissue. 8 It is implicated in the modulation of the T-cell immune response by a variety of mechanisms, including inhibition of antigen-specific proliferation, 9 induction of caspase-independent apoptosis in activated T cells 10, 11 and lymphoid tissue, 12 and as a mediator of suppression by regulatory T cells. 12, 13 Targeted inhibition of Gal-1 expression in tumor cells has been shown to potentiate antitumor effector T cells. 14 We examined the potential link between the Gal-1 protein and the loss of EBV-specific T-cell function in cHL.
Patients, materials, and methods
Forty-seven patients with histologically confirmed HL were included in this study (Table 1) , which was approved by the human ethics committee of Queensland Institute of Medical Research Peter MacCallum Cancer Centre and Princess Alexandra Hospital. Informed consent was obtained in accordance with the Declaration of Helsinki. Biopsy samples from these patients were used for various histologic studies. All tissue staining was carried out on sections of routinely fixed, paraffin-embedded material. EBV-encoded small RNA (EBER) in situ hybridization and LMP1 and Gal-1 immunohistochemistry (Dako, Carpinteria, CA, and Peprotech, Rocky Hill, NJ, respectively) were performed as per published guidelines. 7, 14 Biopsies underwent central review by a lymphoma pathologist.
Peripheral blood mononuclear cells (PBMC) from 21 of 47 patients were available (before initiation of therapy) and were assessed for EBV-specific T-cell immunity using IFN-␥ enzyme-linked-immunosorbent (ELISPOT) assay. 15 In these assays, 21 different EBV epitopes derived from latent (LMP1/2, EBV-associated nuclear antigen[EBNA]3/4/6) or lytic (BamH fragment Z leftward frame 1 [BZLF1] and BamHI-M leftward reading frame 1[BMLF1]) proteins and presented by a wide range of HLA class I alleles were used as previously outlined. 7 For Western blotting, cells from human HL cell lines (L540, L1236, HDLM2, L428 16 ) were washed and lysed by standard procedures and proteins resolved by sodium dodecyl sulfate-polyacrylamide gel electrophoresis. Separated proteins were blotted onto a nitrocellulose membrane and probed with rabbit antigalectin-1 antibody (Peprotech) at 1:8000. Blots were incubated with a peroxidase-labeled antirabbit IgG (Dako) and developed by chemoluminescence detection. Recombinant Gal-1 (rGal-1) (R&D Systems, Minneapolis, MN) and a melanoma cell line were used as positive controls. Equal loading was checked with anti-glyceraldehyde-3-phosphate dehydrogenase (GAPDH) antibody (Sigma, St. Louis, MO). In addition, enzyme-linked immunosorbent assays were performed to detect circulating Gal-1 on plasma samples from newly diagnosed patients with HL using standard methods.
For in vitro proliferation assays, carboxy fluorescein diacetate succinimidyl ester-labeled PBMCs (Molecular Probes, Eugene, OR) from EBVseropositive subjects were preincubated with rGal-1 at 1 g/mL or mock-treated (phosphate-buffered saline) for 4 hours and then stimulated with autologous irradiated EBV-transformed lymphoblastoid cell lines at a responder:stimulator ratio of 20:1. 17 Seven days after the stimulation, these cells were assessed for proliferation using a FACS Canto cytometer (Becton Dickinson, Franklin Lakes, NJ) and results analyzed using FlowJo software (Tree Star, Ashland, OR). To assess the effect of rGal-1 on the function of antigen-specific T cells, PBMCs were preincubated with rGal-1 as described previously, stimulated with autologous lymphoblastoid cell lines (at different responder to stimulator ratios) for 24 hours, and then assessed for IFN-␥ expression using intracellular cytokine assay (BD PharMingen, San Diego, CA) in combination with major histocompatibility complex-peptide pentamers for HLA A2-restricted LMP2 epitope CLGGLLTMV (ProImmune, Oxford, United Kingdom).
Comparison of patient variables between groups was performed using Fisher exact test. For ex vivo studies using IFN-␥ ELISPOT, an unpaired t test was used to analyze samples between Gal-1 hi and Gal-1 lo categories. All P values were 2-sided. Statistical analysis was performed using GraphPad Prism version 4.00 for Windows (GraphPad Software, San Diego, CA).
Results and discussion
Initially, we examined the expression of Gal-1 in a panel of in vitro established HRS cell lines. Data presented in Figure 1A show that a high level of Gal-1 protein was detected in all 4 HL cell lines tested (lanes 1-4). The level of expression was comparable with the melanoma cell line, SKMel28 13 ( Figure 1A, lane 6) . Three of the 4 HRS cell lines also showed the expression of a dimeric form of Gal-1. In situ analysis of Gal-1 by immunohistochemistry revealed that nodular lymphocyte-predominant HL cases were uniformly negative (0 of 5), whereas 26 of 42 (62%) cHL cases expressed Gal-1 ( Figure 1B ). All the tissue sections were independently scored by visually estimating the proportion of HRS cells staining with Gal-1 as 0% (16 of 42), 1% to 19% (6 of 42), 20% to 79% (5 of 42), and 80% to 100% (15 of 42). Gal-1 overexpression was defined as Gal-1 hi (80% or more) or Gal-1 lo (below 80%). Interestingly, we also detected low levels (mean 1.1 ng/mL) of Gal-1 in fresh plasma samples from newly diagnosed patients with HL (data not shown).
The regulation of Gal-1 within HRS cells remains unclear. Recent work has identified a putative Gal-1 enhancer element that is regulated by activator protein 1. 18 The activator protein 1 components cJUN and JUN-B are known to be overexpressed in HL. Interestingly, transforming growth factor beta regulates Gal-1 expression in a dose-dependent manner within breast cancer cells. 19 Transforming growth factor beta is present in two thirds of primary cHL tumors 20 and within HRS cell lines. 21 Gal-1 was also observed (at low frequency) in the extracellular matrix, small lymphocytes, occasional blastoid lymphocytes, follicular dendritic cells, macrophages, and endothelium. Gal-1 hi expression in HRS cells was associated with male sex (P ϭ .016) and older patients (P ϭ .019); both are poor prognostic features in the Hasenclever/Diehl index. 22 Whether Gal-1 expression has independent prognostic relevance is unclear. Although more Gal-1 hi patients presented with advanced (clinical stages IIB/III/IV) HL, this did not approach statistical significance (P ϭ .111). There were no associations between Gal-1 and histologic subtype or EBV tumor status. Given that there was multicenter accrual, treatment was not uniform and no evidence linking the expression of Gal-1 to clinical outcome can be provided. Well-designed prospective studies are required to determine whether such an association is present. Within HRS-rich areas, Gal-1 hi was associated with significant reduction of CD8 ϩ infiltrating T cells compared with tissue samples expressing Gal-1 lo (mean 54, SE ϭ 31.2 versus mean 153, SE ϭ 27.0; P ϭ .048) ( Figure 1C ).
Ex vivo EBV-specific HLA class I-restricted CD8 ϩ T-cell responses were assessed in 21 newly diagnosed patients with HL before initiation of therapy by IFN-␥ ELISPOT assays (Gal-1 hi :Gal-1 lo ϭ 8:13) ( Figure 1D ). Patients with Gal-1 hi expression in HRS cells showed a selective loss of IFN-␥ expression by CD8 ϩ T cells specific for the subdominant LMP1 and 2 epitopes (mean spotforming cells per 10 6 PBMC ϭ 18.0, SE ϭ 7.0) compared with patients with Gal-1 lo expression (mean spot-forming cells per 10 6 PBMC ϭ 68.0; SE ϭ 22.9, P ϭ .046). Interestingly, CD8 ϩ T cell responses directed toward epitopes derived from EBNA3/4/6 and lytic antigens showed were comparable ELISPOT responses in patients with Gal-1 hi and Gal-1 lo expression (mean spot-forming cells per 10 6 PBMC ϭ 286.0; SE ϭ 148.1, versus 228.4; SE ϭ 65.8, P ϭ .728, respectively). The number of assays performed per subject reflects the HLA class I type. We minimized this limitation by using 21 different EBV peptides (9 LMP1/2; 9 EBNA3/4/6; 3 lytic) presented by a wide array of major histocompatibility complex class I alleles such that all 21 patients had at least 2 informative alleles (with a median of 6 informative HLA class I-restricted EBV-specific epitopes per patient). An alternate approach would be to use pooled peptides spanning each individual EBV protein, thus enabling us to determine effector T cell function irrespective of HLA restriction. Because we used this methodology to map many of the peptides used in this study, it is unlikely to have yielded additional data. 23 To evaluate the contribution of Gal-1 to the proliferative activity of EBV-specific memory CD8 ϩ T cells, we incubated carboxy fluorescein diacetate succinimidyl ester-labeled PBMCs from healthy EBV-seropositive subjects with rGal-1 in the presence of autologous EBV-transformed lymphoblastoid cell lines. CD8 ϩ T cells from PBMC treated with Gal-1 showed significantly reduced cell proliferation (less than 50%) relative to negative controls ( Figure 1E ). Furthermore, pretreatment with rGal-1 reduced the IFN-␥ expression (60%-80%) by EBV-specific CD8 ϩ , CD4 ϩ , and LMP2-specific T cells ( Figure 1F ).
Taken together, these studies suggest that Gal-1 hi expression in HRS cells is an important negative regulator of HL tumorassociated EBV antigen-specific CD8 ϩ T-cell immunity in cHL and thus enables HRS cells to avoid T cell-dependent immune attack. For personal use only. on April 10, 2017. by guest www.bloodjournal.org From
The Gal-1-mediated immunosuppressive pathway may represent a target to enhance efficacy of immunotherapeutic strategies for relapsed/refractory HL. . All T cell responses were assessed before initiation of therapy, and the data were subdivided into Gal-1 hi and Gal-1 lo HL patients. Asterisk denotes statistical significance (P ϭ .046). (E) Effect of recombinant Gal-1 on the proliferation of EBV-specific T cells. Peripheral blood mononuclear cells from EBV-seropositive patients were labeled with carboxy fluorescein diacetate succinimidyl ester, preincubated with Gal-1 at 1 g/L (or mock-treated), and stimulated with autologous lymphoblastoid cell line at 20:1 responder: stimulator ratio. CD8 ϩ T cell proliferation was assessed after 7 days culture. Results are representative of 5 separate experiments. (F) Effect of recombinant Gal-1 on the expression of interferon-␥ by EBV-specific CD8 ϩ and CD4 ϩ T cells. Peripheral blood mononuclear cells from EBV-seropositive patients were preincubated with Gal-1 at 1 g/L (or mock-treated) and then stimulated with autologous lymphoblastoid cell line at different responder:stimulator ratios. Interferon-␥ expression by EBV-specific CD8 ϩ , CD4 ϩ , and LMP2-specific CD8 ϩ T cells were assessed using intracellular cytokine assay. LMP2-specific T cells were stained with APC-labeled major histocompatibility complex-peptide pentamer for HLA A2-restricted epitope CLGGLLTMV. Data are presented as relative interferon-␥ expression by antigen-specific T cells with respected to the mock-treated cells. Results are representative of 2 separate experiments.
